Chaperone-mediated autophagy (CMA) is a lysosomal degradation pathway of select soluble proteins. Nearly one-third of the soluble proteins are predicted to be recognized by this pathway, yet only a minor fraction of this proteome has been identified as CMA substrates in cancer cells. Here, we undertook a quantitative multiplex mass spectrometry approach to study the proteome of isolated lysosomes in cancer cells during CMA-activated conditions. By integrating bioinformatics analyses, we identified and categorized proteins of multiple cellular pathways that were specifically targeted by CMA. Beyond verifying metabolic pathways, we show that multiple components involved in select biological processes, including cellular translation, was specifically targeted for degradation by CMA. In particular, several proteins of the translation initiation complex were identified as bona fide CMA substrates in multiple cancer cell lines of distinct origin and we show that CMA suppresses cellular translation. We further show that the identified CMA substrates display high expression in multiple primary cancers compared to their normal counterparts. Combined, these findings uncover cellular processes affected by CMA and reveal a new role for CMA in the control of translation in cancer cells.
Introduction
Chaperone-mediated autophagy (CMA) is an important degradative mechanism that delivers intracellular components into lysosomes for cellular quality control purposes [1] . However, the process is specific and only applies to select proteins. During CMA, proteins are targeted for degradation through their interaction with a cytosolic chaperone, HSPA8/ HSC70 (heat shock protein family A [Hsp70] member 8) , that recognizes and binds to a pentapeptide sequence, chemically related to the KFERQ motif, on the cargo protein [2] . This interaction enables the cargo protein to translocate to the lysosomal membrane and bind a receptor called LAMP2A (lysosomal-associated membrane protein 2A) [1] , which forms a translocation complex that facilitates the internalization of the substrate protein into the lysosomal lumen, allowing their degradation [3] . CMA is therefore distinct from macroautophagy, as it does not broadly target cellular components and organelles.
While a basal level of CMA activity has been detected in almost all mammalian cell types, it is extensively and specifically activated upon several types of cellular stressors, including nutrient deprivation and oxidative stress [4, 5] . Accordingly, CMA represents a protective mechanism that beyond providing cells with nutrients, it allows cell survival by selectively removing altered or damaged proteins. Beyond its physiological significance, defects in CMA have been linked to promoting the accumulation of misfolded and pathological mutant proteins involved in a wide range of human diseases, including neurodegenerative and metabolic disorders as well as cancers [6] [7] [8] . The conformation of TP53 (tumor protein p53) proteins with missense mutations is known to share similarity with that of pathological mutant proteins involved in neurodegenerative diseases. In fact, select proteins associated with cancer such as accumulated mutant TP53 as well as misfolded NCOR (nuclear receptor corepressor) proteins have been shown to be degraded by CMA in cancer cells [9, 10] . Moreover, CMA contributes to the degradation of pro-oncogenic EPS8 (epidermal growth factor receptor pathway substrate 8), associated with the progression of numerous solid malignancies [11] . Through the degradation of these cancer-driving proteins, increased CMA activity can lead to the death of cancer cells, while normal cells are spared, indicating its immense role in cancer [9, 12] . Furthermore, multiple metabolic proteins, possessing the CMA targeting motif, is identified as CMA substrates, including GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and PK (pyruvate kinase) as well as kinases involved in lipid and carbohydrate metabolism in the liver [13] [14] [15] . Similarly, oncogenic HK2 (hexokinase 2) protein, which plays a key function in glycolysis in cancer cells, is selectively targeted for degradation, in nutrient-deprived conditions, upon increased CMA activity [16] . Combined, these findings suggest that CMA can selectively promote the degradation of enzymes operating in glucose or lipid metabolism pathways.
Approximately 30% of the soluble proteins are suggested to display KFERQ-like motifs [2] , yet only a minor fraction of this proteome has been identified as CMA substrates [17] . It is therefore unclear whether groups of proteins with similar functions or proteins assigned to specific and well-defined cellular processes are selectively targeted for degradation by CMA in different physiological or pathological settings.
Here, we undertook an integrative quantitative mass spectrometry and bioinformatics approaches to study the proteome from isolated lysosomes in cancer cells during CMA-activated conditions. We identified and categorized proteins of multiple cellular pathways that were specifically degraded and affected by CMA. In addition to metabolic pathways, we found that activation of CMA in cancer cells targets multiple proteins involved in the translation processes. We show that CMA degrades key proteins primarily at the level of translation initiation and that CMA activation leads to inhibition of translation. We further show that these newly identified CMA substrates were highly expressed in multiple primary cancers across distinct cohorts and provide a new strategy to target components of the translation machinery by activation of CMA. These findings reveal a new role for CMA in the control of translation and unveil previously unknown cellular processes affected by CMA in cancer cells.
Results

Quantitative proteomics analysis of isolated lysosomes from CMA-activated conditions in cancer cells
To identify the protein profile that is specifically targeted into the lysosomes for degradation through the CMA pathway and to directly assess the CMA proteome in cancer cells, we first determined and optimized the uptake of proteins into the lysosomes during CMA-activated conditions by differential large-scale multilayered density gradient centrifugations in breast cancer SUM159 cells ( Figure S1(a) ). The experimental strategy (Figure 1(a) ) was to isolate lysosomal fractions for proteomics analysis.
CMA was induced as previously described with AC220 and spautin-1 [16] . Using the selective macroautophagy inhibitor [18] spautin-1 precludes the contribution of macroautophagy to the lysosomal degradation and further activates CMA in response to blockage of macroautophagy [19] . In addition, to prevent the degradation of CMA substrates that may occur rapidly after their lysosomal translocation, cells were treated with the lysosomal inhibitor chloroquine (CQ).
Lysosomal fractions were isolated from SUM159 cells as depicted by the flow diagram for the various preparations ( Figure S1(a) ) and analyzed by western blot ( Figure S1(b) ). Among the analyzed fractions, the lower gradient solutions contained the most prominent enrichment of lysosomal components, as indicated by LAMP2 and CTSD (cathepsin D), and with the least contamination of mitochondria, as indicated by TOMM40/TOM40 (translocase of outer mitochondrial membrane 40) ( Figure S1(b) ). Next, we optimized the lysosome enrichment by comparing control and CMAactivated conditions focusing on the lower gradient fractions. Western blot analysis revealed that the 12% fractions displayed the most optimal lysosomal enrichment based on the levels of the lysosomal markers LAMP1, LAMP2, LAMP2A, and CTSD, compared to the mitochondrial TOMM40 and cytosolic LDHA (lactate dehydrogenase A) marker levels ( Figure S1 (c)).
Ultimately, lysosomes were isolated from control and CMA-activated conditions at 16 h and 36 h, as well as when LAMP2A was genetically knocked down in SUM159 cells (Figure 1(a,b) ). We used siRNA that significantly targeting LAMP2A ( Figure S1 (d)), as it is the key regulator of CMA [20] , and does not affect the degradation by endosomal microautophagy (e-MI) [21] , which excludes the involvement of this pathway in our analysis. Further, since increased lysosomal levels of well-known CMA substrates is a standard indication of CMA activity, the lysosomal enrichment and uptake rate of HK2 accompanied with the NFKBIA (NFKB inhibitor alpha) proteins, two classical CMA substrates [15, 22] , was used to optimize the CMA activity conditions (Figure 1(b) ). LAMP2A levels were significantly increased in lysosomal fractions of all CMA-activated samples, as the abundance of this protein in lysosomes usually correlates with CMA activity, whereas both HK2 and NFKBIA proteins display a time-dependent gradient enrichment into the lysosomes, with the higher degree at 36 h compared to control and to 16 h following CMA activation (Figure 1(b,c) ), and their lysosomal levels were significantly affected in a LAMP2A-dependent manner. These data confirm that the indicated proteins are enriched in lysosomes upon CMA activation, and that their enrichment changes over time of activation; thus, based on these data, further proteome analyses were made using CMA-activated conditions at 36 h.
The experimental outline (Figure 1(a) ) required lysosomal isolation coupled to a quantitative proteomics approach amenable to multiplexing for simultaneous quantitative comparison across the experimental conditions. Therefore, four biological replicates from isolated lysosomal fractions of control, CMA-activated or siLAMP2A + CMA-activated conditions were analyzed by 8-plex Tandem Mass Tags (TMT) mass spectrometry for their lysosomal content following CMA activation. The TMT signals were normalized by the Quantile method (Figure 1(d) ). In addition, to get a high-level view of the similarities and differences among samples, we compared the proteomic datasets by principle component analysis (PCA) (Figure 1(e) ). The clear partitioning of the sample sets into time course groups demonstrates that the primary feature of change is CMA activation compared to control (PC1). Significant differences were similarly shown due to LAMP2A depletion within the CMA-activated clusters in the sample sets analyzed (PC2) (Figure 1(e) ), which indicates a good separation of the biological replicates within the treatment sample groups. Moreover, the proteome data revealed that while LAMP1 and the late endosomal marker RAB9 levels were not changed, proteins that have been shown to participate in lysosome function and CMA activity, including lysosomal hydrolases CTSA, CTSB, CTSD (cathepsin A, B and D) as well as HSPA8/HSC70 were maintained at high levels in the lysosomal compartment during CMA-activated conditions, further confirming that the analyzed lysosome fractions were probed for enzymes for lysosomal proteolysis and HSPA8/HSC70-positive, thus competent for CMA and proportional to CMA activity ( Figure S1(e) ).
The mass spectrometry analysis identified 4614 proteins, out of which 36.5% were detected with at least twofold lysosomal enrichment with an adjusted p-value less than 0.05 upon CMA-activated conditions compared to the control. Further, the lysosomal enrichment of these proteins was tested for their LAMP2A-dependency. By this comparison, 266 proteins were found to display, in addition to a twofold enrichment upon CMA activation, also at least 20% reduced lysosomal accumulation upon LAMP2A depletion, thus were considered as potential CMA substrates (Figure 1(f,g) ).
Identification of cellular processes affected by CMA
The identified potential CMA substrate proteins were subjected for bioinformatics analyses based on their cellular localization. Proteins were first mapped with Gene Ontology (GO) term cytosol (GO:0005829), and then manually searched in Uniprot. While we obtained information on the subcellular localization of 250 proteins, 6% of the proteins remained undefined in this regard. Among the 250 proteins, 90% matched within the cytosol category and only 10% of the proteins were indicated as membrane-bound proteins experimentally (7%) or by sequence similarity prediction (3%). Further, by performing a motif search to check the proportion of proteins presenting a KFERQ-like motif among the 266 proteins identified as LAMP2A-dependent degraded proteins, we found that 77% (204) of the proteins contain a 'canonical' KFERQ-like motif. However, we do not exclude that the remaining 23% might possess putative CMA motifs, in which the targeting motif can be generated e.g. through posttranslational modifications.
To identify cellular processes affected by CMA, we performed biological function distribution analysis using the GO database on the proteome identified as potential CMA substrates. Beyond identifying metabolic pathways [13, 16] , our proteomic analyses uncovered multiple novel processes, including translation and RNA regulation processes as well as intercellular transport, as previously unknown events as being affected by CMA (Figure 2(a) ). Notably, these processes belong to the most energy-consuming cellular processes and known to be blocked as a rapid and effective means for the cell to respond to many different stresses and for coupling nutrient deprivation.
To further validate our data, we performed gene set enrichment analysis (GSEA) for the differentially expressed genes between the CMA-activated and siLAMP2A + CMA-activated groups to interrogate if any gene sets were enriched in CMAactivated conditions but were concurrently suppressed by siLAMP2A. The GSEA method identified statistically significant concordant differences in the abundance of defined gene sets for the translation process with an adjusted p-value <0.05 ( Figure 2(b) ). This analysis confirmed that processes of cytoplasmic translation, and especially initiation of cytoplasmic translation were significantly enriched in the CMA-activated conditions, while in the siLAMP2A + CMA-activated samples these gene sets were underscored reflected by the negative normalized enrichment score (NES), indicating that the degradation of proteins defined by these gene sets are blocked by LAMP2A depletion (Figure 2 Taken together, these findings show the selectivity of CMA in targeting select cellular processes in cancer cells and imply a novel role for CMA in the control of translation initiation. As the reduction of translation increases overall energy availability in cells, these data further confirm that CMA can function as a salvage process during stress conditions by degrading proteins no longer needed to recycle amino acids required under nutrient limitation.
The eukaryotic translation initiation factors are bona fide CMA substrates
To experimentally test if the identified proteins involved in translation initiation are true CMA substrates, multiple proteins involved in different steps of translation initiation were chosen for further validation, including EIF4A1 (eukaryotic translation initiation factor 4A1), which is a subunit of the EIF4F complex; EIF4H (eukaryotic translation initiation factor 4H), which stimulates the RNA helicase activity of EIF4A in the translation initiation complex; and the multifunctional DDX3X (DEAD-box helicase 3 X-linked) protein implicated in both RNA processing and translation initiation regulation. As a first approach, we analyzed the proteomic data for their lysosomal level intensities in isolated fractions upon CMA treatment and the effect of LAMP2A silencing. In contrast to the control samples, all three proteins displayed significant increased levels in the lysosomal fractions following CMA activation and its accumulation was blunted by siLAMP2A ( Figure 2(e) ). Further, using isolated lysosomes, we studied their lysosomal enrichment and if changes in the lysosomes abundance of these proteins correlate with CMA activity (Figure 3(a) ). As seen by immunoblotting, all three proteins displayed a gradual accumulation in the lysosomes peaking at 36 h compared to control and the 16 h CMA-activated conditions (Figure 3(a,b) ). This colocalization correlated with enriched levels of LAMP2A in the fractions and not with the LAMP1 levels, as knockdown of LAMP2A significantly affected the lysosomal accumulation of EIF4A1, EIF4H, and DDX3X (Figure 3(a,b) ). To make sure that the difference we observed was not due to protein loading variation, we stained the membrane with Ponceau S Red, which indicates the total protein levels in the fractions (Figure 3(a) ). These data indicate EIF4A1, EIF4H and DDX3X proteins as CMA substrates as their protein levels increase in CMA-active lysosomes in the presence of CQ but not when LAMP2A is absent.
Next, we studied the degradation of EIF4A1, EIF4H, and DDX3X upon CMA activation in cells by immunoblotting. While a marked reduction in cellular level of these proteins was detected under conditions of CMA activation, three pharmacological inhibitors against lysosomal function, including CQ, the cysteine protease inhibitor E64D, or the cysteine, serine and threonine peptidase inhibitor leupeptin, significantly blocked their degradation (Figure 3(c) and S2  (a) ), proving that their localization in the lysosomes is for degradation purposes. qPCR analysis further confirmed that the observed changes in the expression level of these proteins by CMA was not due to a differential mRNA expression (Figure 3(d) ). Furthermore, the degradation of EIF4A1, EIF4H and DDX3X proteins occurred in a timedependent manner upon CMA activation and concurrently with the degradation profile of previously known CMA substrates (HK2 and NFKBIA), while the EEF2 (eukaryotic translation elongation factor 2) was unaffected ( Figure 3 (e, f) and S2(b)), further indicating the selective targeting of translation initiation by CMA.
To further evaluate the effect of CMA on EIF4A1, EIF4H, and DDX3X, other compounds that have been suggested to modulate CMA activity were tested. Cancer cells were treated with different compounds including, 6-aminonicotinamide (glucose-6-phosphate dehydrogenase inhibitor; 6-AN), geldanamycin (HSP90 inhibitor) or atypical retinoid 7 (AR7), as CMA activators [23, 24] (Figure 3(g) and S2(c) ). A timedependent decrease of EIF4A1, EIF4H, and DDX3X levels were observed upon treatment with all three compounds, among which AR7 and geldanamycin showed the most effect on EIF4A1 and DDX3X, respectively (Figure 3(g) ). Since 6-AN is suggested to affect other forms of the lysosomal degradation pathway, we treated cells in combination with macroautophagy inhibitor spautin-1, which led to a further decrease in the EIF4A1 levels. In addition, a significant decrease in protein levels of EIF4A1, EIF4H and DDX3X was observed during glucose-free conditions ( Figure S2(d) ), as well as when oxidative stress was induced by either H 2 O 2 or paraquat (PQ), previously shown to activate CMA [25, 26] ( Figure S2(e) ). These data validate that distinct CMA activators decreases the cellular levels of EIF4A1, EIF4H, and DDX3X.
Furthermore, because CMA is often activated in response to cellular stress, conditions that might also affect the MTOR (mechanistic target of rapamycin kinase) network, we tested if treatment with rapamycin could affect the degradation and consequently the expression levels of EIF4A1, EIF4H, and DDX3X. Compared to the CMA-activated conditions, no significant change in the protein levels was detected by rapamycin treatment ( Figure S2(f) ). Combined, these data suggest that although the translation machinery might be affected by different stresses, its components may not be targeted for degradation, unless CMA is activated.
To functionally determine the importance of the identified putative CMA targeting motifs in EIF4A1 and EIF4H, we generated the mutants EIF4A1 Q93,I94A and EIF4A1 did not affect the EIF4A1 degradation ( Figure S2(g) ), the EIF4A1 Q93,I94A and EIF4H V223,Q224A mutant proteins were significantly less competent for degradation by CMA compared to their wild-type protein (Figure 3(h) ), which highlights the importance of these motifs in EIF4A1 and EIF4H for degradation by CMA.
Higher expression levels of EIF4A1, EIF4H, and DDX3X in primary tumors
Altered expression of translation initiation factors has been reported to be associated with malignant transformation in numerous types of cancers [27] . Thus, we set out to examine and analyze the expression of EIF4A1, EIF4H and DDX3X using the Gene Expression Omnibus (GEO) database, in the primary breast (153) and ovarian (31) tumors samples compared with expression levels in its respective normal healthy controls. In line with observations of other translation initiation factors, this analysis revealed that indeed all these three translation initiation factors, EIF4A1, EIF4H and DDX3X, display elevated expression in the analyzed primary tumors compared to normal controls (Figure 4(a) ). Correspondingly, we next tested if EIF4A1, EIF4H and DDX3X proteins could also be targeted for degradation by CMA in multiple cancer cells of distinct origin. In all cancer cell lines tested, including, ovarian cancer OVCAR3 and ES2, lung cancer A549 and H1437, breast cancer SUM159 and HCC1500 as well as fibrosarcoma HT1080 cell lines, a significant decrease in the level of these proteins were observed following CMA activation, demonstrating their targetability and degradation by CMA (Figure 4(b,c) ), indicative of a new approach of targeting components of the translation initiation for degradation by activation of CMA in cancer cells.
CMA activation decreases protein translation
To determine the effect of CMA activation on translation, we performed the non-isotopic surface sensing of translation (SUnSET) technique, which allows a valid and accurate measurement of in vitro changes in protein synthesis, using puromycin incorporation [28] . Untreated samples were compared to CMA-activated conditions in cancer cells. In addition, to demonstrate the specificity of the antipuromycin signal, samples in which cells were treated with the translation inhibitors silvestrol or cycloheximide (CHX) were included. Because CHX blocks the translocation step in elongation, whereas silvestrol modulates the translation initiation by preventing ribosome loading onto mRNA templates by targeting the eukaryotic initiation factor EIF4A, these inhibitors represent proper controls for our analysis. Our results showed that the puromycin levels dramatically decreased when cells were treated to undergo CMA or exposed to CHX or silvestrol in a time-and concentrationdependent manner ( Figure 5(a,b) and S2(h)). In contrast, puromycin levels were not affected in rapamycin-treated samples. In addition, testing the SUnSET method for cancer cells treated with 6-AN and geldanamycin, as CMA activators showed marked decrease in puromycin levels compared to the control cells ( Figure 5(c) ). Furthermore, SUnSET experiments, in which cells were knocked down for LAMP2A and activated for CMA, were performed. These data showed that the anti-puromycin labeling was significantly restored in the LAMP2A-silenced samples compared to non-targeting control cells during CMA-activated conditions ( Figure 5(d) ). Combined, our data indicate that CMA can suppress the translation process and thereby decrease protein synthesis. (8) and Breast (GSE65194) Cancer (153) Normal (11) datasets. Differential expression was determined using Mann-Whitney U test. (b) and (c) The expression levels of EIF4A1, EIF4H and DDX3X in untreated and CMA-activated conditions in the indicated multiple cancer cell lines. CMA treatment for different cancer cells are as follows: 2 μM AC220 and 20 μM spautin-1. OVCAR3, ES2, HCC1500 and HT1080 for 24 h, A549, NCI-H1437 and SUM159 for 36 h. ACTB was used for equal loading. (n = 3) Data are presented as mean ± S.D. *p < 0.05 **p < 0.01 ***p < 0.001; two-tailed student's t-test.
Discussion
In this study, we aimed to understand if proteins belonging to particular molecular pathways are selectively targeted by CMA in cancer cells. We show that upon CMA activation multiple cellular pathways, which accounts for the most energyconsuming cellular mechanisms [29] , were affected in cancer cells. In addition, and as expected, to previously indicated metabolic pathways, we found that CMA targets multiple proteins involved in cellular translation processes for degradation.
Nutrient limitation can slowdown, alter or even completely downregulate various metabolic pathways to adjust to scarce conditions [30, 31] . Accordingly, selective targeting of the enzyme in inactivated metabolic processes by CMA would undoubtedly provide a collective benefit to maximize energy efficiency. Further, protein translation is one of the most energyconsuming cellular processes as it requires approximately 75% of the cell's total energy [32] . Consequently, the reduction of translation increases overall energy availability. Although transcriptional regulation is essential in stress response, translational control often provides immediate and effective changes, which underlines the contribution of their degradation by CMA. It is known that stress (nutrient, oxidative) can induce a decrease in protein synthesis by specifically suppressing translation of components of the translation machinery (ribosomal proteins, translation factors). Accordingly, inhibiting and blocking this process is dynamic and a primary level of control of protein abundance in mammalian cells [33] . As the rate-limiting step in translation, much of the regulation is directed towards the level of initiation as it is a rapid and effective means for the cell to respond to many different stresses and for coupling nutrient deprivation and other stress conditions with levels of protein synthesis [34] . Because CMA affected proteins mainly at the level of translation initiation, as multiple translation initiation complex subunit proteins were validated as bona fide CMA substrates, our findings show that there is a high selectivity of the CMA pathway in targeting certain biological processes. By its selectivity CMA can function as a salvage process under stress conditions by degrading proteins no longer needed to recycle amino acids required under nutrient limitation, thus offering time for cellular adaptation under stress.
We have determined that 93 QIELD 97 of EIF4A1 and 220 EEVVQ 224 of EIF4H are important for CMA-dependent protein degradation. Furthermore, our findings showed that most of the proteins involved in the translation process identified as potential CMA substrates possess a CMA recognition motif. Although this indicates their potential to undergo degradation by CMA, most substrate proteins are known to undergo additional layer of complex regulatory steps to control their recognition by the CMA machinery depending on the activatory stimulus. This may be due to that the CMA targeting motif is not exposed or accessible based on the folding or if covered by interaction with other molecules or proteins [16, 35] . Therefore, not all proteins bearing the recognition motif is continuously degraded through this pathway. As a direct evidence for this, we found that the EEF2 was not degraded by CMA over time as shown by in Figure 3(e,f) , while possessing 2 KFERQ-like motifs: QRIVE, LVEIQ.
It has, however, been suggested that molecular chaperones may be involved in recognition of regulatory complexes to mediate their disassembly [36] . The p23 chaperone and to a lesser extent HSP90, at increased levels, were shown to disassemble transcriptional regulatory complexes and interfere with the transcription initiation activity. As a consequence, it was further shown that the POLR2/RNA polymerase II preinitiation complexes also were disassembled in the same reactions [36] . This principle could very well extend similarly to other regulatory complexes, such as the regulation of translation initiation, which occurs predominantly by multiple associated proteins, each designated as eukaryotic initiation factors that assemble in multiple complexes. Since acute adverse conditions, such as heat shock, hypoxia, nutrient deprivation as well as an accelerated unfolded protein response (UPR) are signals for a rapid reduction in global translation, and conditions that lead to activation of the CMA pathway, it is possible that upon CMA activation, upregulation of multiple chaperones may act broadly to disassemble both transcriptional and or translational regulatory complexes leading to their components to expose their motif and be detected. While this hypothesis remains to be examined, findings from our study indicate that although multiple stress signals converge on initiation factors to inhibit global protein synthesis, and the translation is generally repressed under most if not all types of stress conditions, subunits of the translational regulatory complexes may remain without incurring degradation unless CMA is activated.
Dysregulation of translation upstream of oncogenic signals presents one of the early steps in tumorigenesis. Transcripts that are particularly sensitive to fluctuations in levels of the EIF4F complex are often associated with oncogenic characteristics (e.g. proliferation, survival, and angiogenesis) and their translational output appears to be preferentially reduced when EIF4F is inhibited. In particular, the enzymatic subunit of the EIF4F complex, EIF4A, has been extensively explored as a druggable target with several natural products identified as potent and selective inhibitors. Importantly, we provide a new strategy to target components of the translation machinery, including EIF4A by activation of CMA in cancer cells.
Materials and methods
Cell lines and treatments
The ovarian cancer cell lines: ES2, OVCAR3; the breast cancer cell line: HCC1500; the fibrosarcoma cell line: HT1080 and the lung cancer cell lines: NCI-H1792, NCI-H1437, A549 were cultured in RPMI (Sigma-Aldrich, R8758) medium supplemented with 10% (v:v) heatinactivated fetal bovine serum (FBS; Gibco, 10500064), 100 U/ml penicillin and 100 U/ml streptomycin (Sigma-Aldrich, P0781) and 1% (w:v) glutamine (Sigma-Aldrich, G7513). The breast cancer cell line: SUM159, was cultured in Ham's F12 medium supplemented (Lonza, BE12-618F) with 5% (v:v) heat-inactivated FBS, 100 U/ml penicillin and 100 U/ml streptomycin, 5 mg/ml insulin (SigmaAldrich, I6634) and 1 mg/ml hydrocortisone (SigmaAldrich, H4001). All cell lines were grown at 37°C in a 5% CO 2 atmosphere and maintained in a logarithmic growth phase. Throughout the experiments (unless otherwise stated), cells were treated with 1.5 µM AC220 (Selleckchem, S1526) and 10 µM spautin-1 (Sigma-Aldrich, SML0440) for CMA activation as previously described [16] . For the glucose-free condition, cell culture media with no glucose was supplemented with dialyzed FBS. The following compounds were used for the treatment of cells in the indicated experiments: 25 µM or 50 µM CQ (Sigma-Aldrich, C6628), 4 µM geldanamycin (Selleckchem, S2713), 10 µM 6-AN (SigmaAldrich, A68203), 40 µM AR7 (Sigma-Aldrich, SML0921), 2.5 mM PQ (Sigma-Aldrich, 36541), 250 µM H 2 O 2 (Merck, 107209), 5-30 µM CHX (Sigma-Aldrich, C7698), 25-100 nM silvestrol (MedChemExpress, HY-13251), 200 nM rapamycin (Sigma-Aldrich, 37094), 5 µM E64D (Sigma-Aldrich, E8640) or 40 µM leupeptin (Sigma-Aldrich, L2884).
siRNAs and plasmids
All siRNA was purchased from Shanghai GenePharma Co, Ltd. 20 nM siRNA was used, and the transfection was performed using Lipofectamine 2000 Reagent (Invitrogen, 11668019) according to the manufacturer's instructions. The efficiency of siRNA and expression level of protein was monitored at 48-72 h post-transfection by western blotting. The following siRNA were used:
Plasmids were purchased from OriGene: pCMV6-DDX3 (RC204171), pCMV6-EIF4A1 (RC203298), pCMV6-EIF4H (RC204028). Transfections were performed using Viafect (Promega, E4982) according to the manufacturer's instructions.
Lysosomal fractionation
The lysosomal fractionation was performed according to the manufacturer of the Lysosome Isolation Kit (Sigma-Aldrich, LYSISO1). Briefly, approximately 1 × 10 8 SUM159 cells were trypsinized, washed, collected and pelleted for each condition. Cells were resuspended in 2 ml of 1x extraction buffer supplemented with Protease Inhibitor Cocktail (Sigma-Aldrich, P8340). Cells were broken up by applying 15 strokes with 25-gauge syringe needles. Lysates were cleared by differential centrifugation at 1,000 x g for 5 min, followed by 5,000 x g for 5 min. The protein amounts were adjusted for all samples and conditions and the same amount of extract of each condition was centrifuged at 20,000 x g for 20 min. The pellets were resuspended in 550 µl 1x extraction buffer, diluted with 267 µl OptiPrep (Sigma-Aldrich, O4889) (60%), 163 µl OptiPrep Dilution Buffer and 20 µl 2.3 M sucrose (SigmaAldrich, S4189), and subjected to density gradient centrifugation. Discontinuous OptiPrep gradients (27%, 20%, 18%, 16%, 12%, 8%) were layered and centrifuged at 150,000 x g for 3 h. Fractions were collected as indicated, diluted with 2xvo-lume of 1xExtract buffer, and pelleted at 20,000 x g for 20 min.
Sample preparation for mass spectrometry
All reagents were prepared in 50 mM HEPES, pH 8.5 (Biomol, 05288.100). Cysteines were reduced using dithiothreitol (56°C, 30 min 10 mM; Biomol, 04010.25). Samples were cooled to 24°C and alkylated with iodoacetamide (room temperature, in the dark, 30 min, 10 mM; Merck, 8.04744.0100). Subsequently, the samples were prepared for LC-MS/MS using the SP3 protocol [37] , digested with trypsin (enzyme to protein ratio, 1:50; Promega, V5111) at 37°C overnight. TMT10plex™ Isobaric Label Reagent (Thermo Fisher Scientific, 90111) was added to the samples according the manufacturer's instructions. Labeled peptides were cleaned up using OASIS® HLB µElution Plate (Waters, Milford, MA, USA). Offline high pH reverse phase fractionation was performed using an Agilent 1200 Infinity high-performance liquid chromatography (HPLC) system, equipped with a Gemini C18 column (3 μm, 110 Å, 100 × 1.0 mm; Phenomenex, Torrance, CA, USA). The solvent system consisted of 20 mM ammonium formate (pH 10.0; Sigma-Aldrich, 78314-500ML-F) as mobile phase (A) and 100% acetonitrile (Fisher Chemicals, A955-1) as mobile phase (B). This was performed at the Proteomics Core Facility at EMBL Heidelberg, Germany.
LC-MS/MS
Peptides were separated using the UltiMate 3000 RSLC nano-LC system (Dionex, Sunnyvale, CA, USA) fitted with a trapping cartridge (µ-Precolumn C18 PepMap 100, 5 µm, 300 µm i.d.x5 mm, 100 Å; Thermo Fisher Scientific, Waltham, MA, USA) and an analytical column (Acclaim PepMap 100 75 µm x 50 cm C18, 3 µm, 100 Å; Thermo Fisher Scientific, Waltham, MA, USA). The outlet of the analytical column was coupled directly to a Q Exactive plus (Thermo Fisher Scientific, Waltham, MA, USA) using the proxeon nanoflow source in positive ion mode. Solvent A was water, 0.1% formic acid (Fisher Chemicals, A117-50) and solvent B was acetonitrile, 0.1% formic acid. Trapping time was 6 min with a constant flow of solvent A at 30 µl/min onto the trapping column. Peptides were eluted via the analytical column a constant flow of 0.3 µl/min. During the elution step, the percentage of solvent B increased in a linear fashion from 2% to 4% B in 4 min, from 4% to 8% in 2 min, then 8% to 28% for a further 96 min, and finally from 28% to 40% in additional 10 min. Column cleaning at 80% B followed, lasting 3 min, before returning to initial conditions for the reequilibration, lasting 10 min. The peptides were introduced into the mass spectrometer (Q Exactive plus) via a Pico-Tip Emitter 360 µm ODx20 µm ID; 10µm tip (New Objective, Woburn, MA, USA) and a spray voltage of 2.3 kV was applied. The capillary temperature was set at 320°C. Full scan MS spectra with mass range 350-1400 m/z were acquired in profile mode in the FT with a resolution of 70,000. The filling time was set at a maximum of 100 ms with a limitation of 3 × 10 6 ions. DDA was performed with the resolution of the Orbitrap set to 35000, with a fill time of 120 ms and a limitation of 2 × 10 5 ions. Normalized collision energy of 32 was used. A loop count of 10 with count 1 was used and a minimum AGC trigger of 2e 2 was set. Dynamic exclusion time of 30s was applied. The peptide match algorithm was set to 'preferred' and charge exclusion 'unassigned', charge states 1.5-8 were excluded. Isolation window was set to 1.0 m/z and 100 m/z set as the fixed first mass. MS/MS data was acquired in profile mode. This was performed at the Proteomics Core Facility at EMBL Heidelberg, Germany.
Data analysis
Acquired data was processed by IsobarQuant (doi:10.1038/ nprot.2015.101) and Mascot (v2.2.07) and searched against a Uniprot Homo sapiens proteome database (UP000005640) containing common contaminants and reversed sequences. The data were searched with the following modifications: Carbamidomethyl (C) and TMT10 (K) (fixed modification), Acetyl (N-term), Oxidation (M) and TMT10 (N-term) (variable modifications). The mass error tolerance for the full scan MS spectra was set to 10 ppm and for the MS/MS spectra to 0.02 Da. A maximum of two missed cleavages was allowed. For proteins, identification of a minimum of two unique peptides with a peptide length of at least seven amino acids and a false discovery rate below 0.01 were required on the peptide and protein level. This analysis was performed at the Proteomics Core Facility at EMBL Heidelberg, Germany.
Bioinformatics analysis
Based on the output data from IsobarQuant, proteins with at least two single spectra matches and two unique peptide matches were kept for the analysis. After the raw data were log2 transformed, the Batch effects were removed by fitting a linear model to the data that try to explain the replicates. The data from different groups were then normalized using Quantile method, and the fold change and significant level between different groups were calculated using the limma package [38] . The quality of normalized data was checked by PCA analysis. Gene set enrichment analysis (GSEA) was applied for the differentially expressed genes between CMA-activated and CMA-activated + siLAMP2A treatment groups to find the activated gene ontology (GO) categories using ReactomePA package [39] . Transcript abundance (probe intensity) data of EIF4A1, EIF4H and DDX3X genes in ovarian (GSE40595), and breast (GSE65194) cancer were retrieved from the GEO database [40] . The statistical significance for gene expression level differences between tumor samples and corresponding control samples was checked by MannWhitney test.
Site-directed mutagenesis
Site-directed mutagenesis of EIF4A1
and EIF4H V223,Q224A was generated by site-directed mutagenesis using QuikChange Lightning (Agilent, 210513). The resulting plasmids were verified by sequencing. All exogenous proteins were expressed in cells as tagged proteins with N-terminal MYC-DDK and exposed in western blots by DDK antibody to differentiate from the endogenously expressed proteins.
The following mutagenic primers were used: EIF4A1 Q93,I94A sense 5ʹ-TCT GCA GGC GGC GGA ATT AGA TCT AAA AGC CAC CCA G-3ʹ EIF4A1 Q93,I94A antisense 5ʹ-AAT TCC GCC GCC TGC AGA ATT GAT ATG GCA AAT GT-3ʹ EIF4A1 Q308,K308A sense 5ʹ-CGC CAT GCA TGG AGA TAT GGA CGC AGC GGA ACG AGA CGT GAT TAT GAG G-3ʹ EIF4A1 Q308,K308A antisense 5ʹ-CCT CAT AAT CAC GTC TCG TTC CGC TGC GTC CAT ATC TCC ATG CAT GGC G-3ʹ EIF4H V223,Q224A sense 5ʹ-GAA GTC GCT GCA AAG GAG CAA GAA ACG CGT ACG CG-3ʹ EIF4H V223,Q224A antisense 5ʹ-TCC TTT GCA GCG ACT TCC TCT CTA GGC CTG GCA-3ʹ
SUnSET (surface sensing of translation)
SUnSET is a nonradioactive method to measure differences in protein synthesis. This method makes it possible to detect the difference in protein synthesis through the incorporation of puromycin into the elongating peptide chains [28] . In detail, cells were seeded and treated in six-well plates with the indicated concentrations of compounds and time points. Puromycin (10 µg/ml; Sigma-Aldrich, P7255) was added to the wells 30 min before harvesting the cells. Different concentrations of CHX and silvestrol were used as positive controls for blocking the protein synthesis. Puromycin incorporation was detected by immunoblotting using the anti-puromycin antibody as a reflection of protein synthesis. To ensure equal loading of proteins, membranes were stained with Ponceau S Red.
RNA extraction and cDNA synthesis
Total RNA was extracted using the RNAqueous phenol-free total RNA isolation kit (Ambion, AM1912) according to the manufacturer's instructions. Potential trace DNA contamination was enzymatically removed using DNase I in the samples, according to the optional RNA clean-up Procedures, based on the kits manufacturer's instructions. One microgram of RNA was used to synthesize cDNA with the IScript cDNA Synthesis Kit (Bio-Rad, 1708890), according to the manufacturer's instructions. Approximately 200 ng of the cDNA sample was analyzed by quantitative PCR using Maxima qPCR SYBR Green Master Mix (Thermo Fisher Scientific, K0222) and amplified using the 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). ΔΔCt method was used to determine the relative mRNAs expression after normalization with ACTB as a reference gene. The following oligonucleotides were used:
LAMP1 Fw 5′-TGTGGACAAGTACAACGTGAG-3′ LAMP1 Rv 5′-CGTGTTGTCCTTCCTCTCATAG-3′ LAMP2A Fw 5′-TGATCTAAGGGTTCAGCCTTTC-3′ LAMP2A Rv 5′-GCTATGGGCACAAGGAAGT-3′ LAMP2B Fw 5′-AGGGTTCAGCCTTTCAATGT-3′ LAMP2B Rv 5′-CTGAAAGACCAGCACCAACTA-3′ LAMP2C Fw 5′-TCAGTGTCTGGAGCATTTCAG-3′ LAMP2C Rv 5′-GGTCAGAGTCAGCAGAACATT-3′ EIF4A1 Fw 5′-AAGCCGTGGATTCAAGGACCAG-3′ EIF4A1 Rv 5′-CACCTCAAGCACATCAGAAGGC-3′ EIF4H Fw 5′-GAGAACCCACAGAAGAGGAAAG-3′ EIF4H Rv 5′-AAGATAGCAGAGTTGGGATTGG-3′ DDX3X Fw 5′-GAAGTGCCGTCTTGGTTAGAA-3′ DDX3X Rv 5′-GCACCAAACCCTCCACTAAA-3′ ACTB Fw 5′-GCAAGCAGGAGTATGACGAG-3′ ACTB Rv 5′-CAAATAAAGCCATGCCAATC-3′
Western blotting and antibodies
Cells were harvested, washed and lysed followed by protein concentration determination using the BCA assay (Thermo Fisher Scientific, 23225). Equal amounts of protein from each sample were mixed with SDS sample buffer (62 mM Tris-HCl, pH 6.8, 0.05% w:v bromophenol blue, 4% v:v glycerol, 2% w:v SDS, 5% β-mercaptoethanol final concentration) and subjected to SDS-PAGE and transferred onto nitrocellulose membranes. Primary antibodies used in western blotting and immunostaining were as follows: anti-ACTB (Santa Cruz Biotechnology, sc-81178), anti-DDK (Origene, TA50011-100), anti-puromycin 
Statistics
All graphs were analyzed using GraphPad Prism7. For all experiments with error bars, standard deviation (S.D.) was calculated to indicate the variation within each experiment and data, and values represent mean ± SD. Data are presented as fold change over control and are an average of at least three independent experiments or representative of independent experiments. In all graphs, treatment groups (CMA-activated) were compared with a control group (Ctrl), unless otherwise shown. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
